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cause substantial computational burdens and numerical instabilities (Yeh, 1986, Hughson 2 and . Moreover, the interpretation can be non -unique. Yeh and Liu (2000) 3 developed a sequential successive linear estimator (SSLE) to overcome these difficulties. 4 The SSLE approach eases the computational burdens by sequentially including 5 information obtained from different pumping tests; it resolves the non -uniqueness issue 6 by providing the best unbiased conditional mean estimate. That is, it conceptualizes 7 hydraulic parameter fields as spatial stochastic processes and seeks their mean 8 distributions conditioned on the information obtained from hydraulic tomography, as well 9 as directly measured parameter values (such as from slug tests, or core samples). Using 1 o sand box experiments, Liu et al. (2002) demonstrated that the combination of hydraulic 11 tomography and SSLE is a propitious, cost -effective technique for delineating 12 heterogeneity using a limited number of invasive observations. The work by Yeh and Liu 13 (2000), nonetheless, is limited to steady state flow conditions, which may occur only 14 under special field conditions. Because of this restriction, their method ignores transient 15 head data before flow reaches steady state conditions. Transient head data, although 16 influenced by both hydraulic conductivity and specific storage, are less likely to be 17 affected by uncertainty in boundary conditions. The development of a new estimation 18 procedure thus becomes essential such that all datasets collected during hydraulic 19 tomography surveys can be fully exploited. 20 Few researchers have investigated transient hydraulic tomography. For example, 21 Bohling et al. (2002) exploited the steady -shape flow regime of transient flow data to 22 interpret tomographic surveys. Under steady -shape conditions at late time of a pumping 23 test before boundary effects take place, the hydraulic gradient changes little with time --a I situation where sensitivity of head to the specific storage is small. As a consequence, the 2 steady -shape method is useful for estimating hydraulic conductivity but not specific 3 storage. 4 Their steady -shape method relies on the classical least -squares optimization 5 method and the Levenberg-Marquardt algorithm (Marquardt, 1963) for controlling 6 convergence issues (see Nowak and Cirpka, 2004) . This optimization method is known 7 to suffer from non -uniqueness of the solutions if the inverse problem is ill posed and 8 regularization (Tikhonov and Arsenin, 1977) or prior covariance of parameters (Nowak 9 and Cirpka, 2004) is not used. The least -squares approach is also computationally 10 inefficient if every element in the solution domain (in particular, three-dimensional 11 aquifers with multiple, randomly distributed parameters) is to be estimated. This 12 inefficiency augments if the sensitivity matrices required by the optimization are not 13 evaluated using an efficient algorithm, such as the adjoint state approach. 14 These shortcomings may be the reasons that test cases in Bohling et al. (2002) 15 were restricted to unrealistic, perfectly stratified aquifers, where the heterogeneity has no 16 angular variations, and specific storage is constant and known a priori. The assumption 17 of a spatially constant and known specific storage value for the entire aquifer makes the 18 inverse problem almost the same as the steady hydraulic tomography as explored by Yeh 19 and Liu (2000 
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7 with boundary and final conditions:
(note that (9) and (10) was then evaluated using a first -order analysis at five locations, x =1.5, x =3.5, x =5.5, between head and parameter at the same location. Figure 1 shows that, in all locations, 12 the cross correlation between h and f was low at early time and increased. Finally, it 13 stabilized to a maximum value at a later time, around day seven. The cross correlation 14 between h and s, however, increased sharply and reached its maximum value at an early 15 time, only about two days, and then decreased and stabilized to its minimum value at a 16 later time, around day thirteen (Figure 2 ). These results suggest that to obtain good 17 estimates off and s simultaneously, head information should be used that encompasses 18 the entire pumping process --including early time and late time. 19 The temporal correlation of transient heads was also evaluated. consuming for our estimator because the adjoint equations (9) and (10) were constant within one element. Both parameters were generated as nonstationary 8 random processes using the spectral method (Gutjahr, 1989 at the inner center of the cube (see Figure 10 ) were assigned to be (0, 0, 0) and the upper 10 corner opposite to the bottom corner was assigned (15, 15, 15) . The heterogeneous 11 parameter fields again were generated by the spectral method (Gutjahr, 1989 period, but different pumping ports. A total of 672 head observations were used in our 4 SSLE approach to simultaneously estimate hydraulic conductivity and specific storage. 5 The SSLE was implemented on a parallel computing platform using the LINUX 6 operating system; the interpretation of the hydraulic tomography tests was carried out 7 using a 10 -node PC cluster (Pentium 4 2.8 GHz CPU each); the total computing time for 8 the interpretation was 610 minutes. were also quantitatively evaluated using the average absolute error norm L1 and the 23 mean -square error norm L2, defined as:
1" Figure 6 Estimated hydraulic conductivity from transient hydraulic tomography (a) estimates from the first pumping test; (b) estimates from the additional second pumping test; (c) estimates from the additional third pumping tests; (d) 
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Figure 7 Estimated specific storage from transient hydraulic tomography (a) estimates from the first pumping test; (b) estimates from the additional second pumping tests; (c) estimates from the additional third pumping tests; (d) estimates from the fourth pumping tests. 
